Amyloid-like fibrils from a number of small peptides that are unrelated by sequence adopt a cross-β-spine in which the two sheets fully interdigitate to create a dry interface. Formation of such a dry interface is usually associated with self-assembly of extended hydrophobic surfaces. Here we investigate how a dry interface is created in the process of protofilament formation in vastly different sequences using two amyloidogenic peptides, one a polar sequence from the N terminus of the yeast prion Sup35 and the other a predominantly hydrophobic sequence from the C terminus of Aβ-peptide. Using molecular dynamics simulations with three force fields we show that spontaneous formation of two ordered one-dimensional water wires in the pore between the two sheets of the Sup35 protofilaments results in long-lived structures, which are stabilized by a network of hydrogen bonds between the water molecules in the wires and the polar side chains in the β-sheet. Upon decreasing the stability of the metastable structures, water molecules are expelled resulting in a helically twisted protofilament in which side chains from a pair of β-strands in each sheet pack perfectly resulting in a dry interface. Although drying in hydrophobically dominated interfaces is abrupt, resembling a liquid to vapor transition, we find that discrete transitions between the liquid to one-dimensional ordered water in the nanopore enclosed by the two β-sheets to dry interface formation characterizes protofilament assembly in the yeast prions. Indeed, as the two sheets of the hydrophobic Aβ-sequence approach each other, fibril formation and expulsion of water molecules occur rapidly and nearly simultaneously.
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amyloid fibrils | dewetting transition | electrostatic interactions | prion diseases M any proteins and peptides that are unrelated by sequence or structure undergo remarkable conformational changes from their monomeric states to form a universal cross-β-structure, which is a characteristic of amyloid fibrils (1) (2) (3) . Unlike the folding of monomeric peptides in which self-assembly is predominantly driven by the need to sequester the hydrophobic residues from water (4, 5) , the interactions and the cascade of events that lead to fibril formation are considerably more complex (6) . Both hydrophobic and electrostatic interactions, especially through formation of a network of hydrogen bonds (7, 8) , stabilize the amyloid fibrils. The common global architecture of fibrils and the demonstration that almost any protein can form fibrils under suitable external conditions are sometimes taken as evidence that backbone hydrogen bonding must drive both the thermodynamics and kinetics of their formation. However, it is now realized that a subtle interplay between nonspecific hydrophobic forces, the stereospecific sequence-dependent hydrogen bond, and watermediated interactions are important in determining the mechanisms and kinetics of assembly into ordered aggregated structures (8) (9) (10) . Although there are significant sequence-dependent variations in the rates of fibril formation (2, 11) , high-resolution structures of microcrystals grown from peptide fragments from a variety of proteins show that they share a common structure of the cross-β-spine with a remarkably dry interface between the two sheets (8) . How does water mediate the formation of nearly identical cross-β-amyloid structures from vastly different sequences? In order to answer this question, we study the association kinetics of preformed β-sheets of two peptides, one of which is polar and the other is predominantly hydrophobic.
Water plays a variety of roles in the folding of proteins (4) and the assembly of multidomain proteins (12, 13) . During protein folding, a few water molecules are sometimes trapped in the interior of proteins upon collapse of the polypeptide chains giving rise to a "wet" globule. The squeezing out of the water molecules then becomes rate-determining in the final stages of folding (14) . In the assembly of multidomain proteins, several possibilities arise depending upon the nature of the interface and the surface topography (13) . The length scale variations in hydrophobic interactions that mediate the formation of multidomain proteins have been illustrated using the two domain enzyme BphC (15) and the collapse of a melittin tetramer (16) . During the interdomain formation process in BphC enzyme, with preformed monomers, the number of trapped water molecules decreases continuously as the domains approach each other (15) . In contrast, there is an abrupt dewetting transition as the melittin domains approach each other to form a compact tetramer, which is in accord with theoretical predictions for association of large (>1 nm) structureless hydrophobic objects in water (12, (17) (18) (19) .
In interfaces between β-sheets in amyloid-like oligomers (for example, the central hydrophobic cluster 16 KLVFFAE 22 from the Aβ-peptide; refs. [20] [21] [22] and fibrils formed by predominantly hydrophobic sequences (Aβ 37-42 , for example, ref. 8), a dryinglike transition occurs. Although these findings support the notion that extended hydrophobic surfaces are required for dewetting transition (12) , the discovery of a totally dry environment between the β-sheets of amyloid fibrils formed by the polar heptapeptide, GNNQQNY [residues (7-13) from the prion domain of Sup35), is a surprise (7, 8) . In order to illustrate how water mediates protofilament formation in amyloidogenic peptides, we study the association kinetics of preformed β-sheets of GNNQQNY and GGVVIA [residues (37-42) from the C terminus of the Aβ peptide], which are structureless as monomers. The structure of the GNNQQNY cross-β-spine (prion fibril or PF) shows a remarkable interlocking of the two β-strands to form a steric zipper in which the side chains from the two sheets fully interdigitate with one another, thus giving rise to a dry interface (7) . Despite the drastically different chemical character of the two sequences, their architectures in the fibril state are virtually identical. Assembly of preformed sheets of the polar sequence occurs by multiple routes and involves formation of metastable structures that are stabilized by favorable interactions between two one-dimensional water wires and inward-pointing polar side chains. In sharp contrast, protofilament formation and expulsion of water molecules resulting in a dry interface in the predominantly hydrophobic Aβ-sequence, which forms an Aβ 37-42 fibril (AF) occurs rapidly and nearly simultaneously.
Results and Discussion
Assembly Kinetics of Prion Fibril Is Heterogeneous. The sheets in the protofilaments of the PF, which are initially arranged in a planar conformation (7, 8) with
0 Å is the distance between the centers of mass in the crystal structures of the two sheets, and D S ð0Þ is the corresponding distance at the start (t ¼ 0) of the simulation) acquired a spontaneous helical twist (23) at t ≈ 1.5 ns as δDðtÞ decreases to zero ( Figs. 1 and 2) . The global conformation of the protofilament is specified using (δDðtÞ, Φ, Ψ ), where the helical angle Φ is the relative orientation of the helical axes of the two sheets, and Ψ is the intrinsic twist angle in a β-sheet (Figs. 1 and 2). The angle Table S1 ).
Association kinetics of the two sheets, described by the timedependent decrease of δDðtÞ shows considerable heterogeneity in the assembly pathways depending on δDð0Þ, which in the simulations range from 3.8 to 8.0 Å. The heterogeneity results in distinct ways in which the two β-sheets pack. When δDð0Þ⪅5 Å, we observe that the association between the two sheets occurs in a parallel manner, i.e., Φ and Ψ fluctuate around 19.5° (Fig. 1B ) and 12.1° (Fig. 1C) , respectively, at long times. In this pathway, after a rapid initial decrease in the intersheet distance, δDðtÞ saturates to 2-3 Å and the resulting metastable structure is characterized by the formation of two water wires in the channel between the β-sheets. For larger δDð0Þ, the probability of protofilament assembly with Φ > 19.5°increases substantially, which in turn leads to defects in the packing of the two sheets. In structures with trapped water molecules containing packing defects, Φ and Ψ fluctuate around 30.2°and 16.0°, respectively ( Fig. 1 B and C) , which are substantially greater than the equilibrium Φ o and Ψ o values. The percentage of trajectories in which water wires are formed depends on δDð0Þ. In all the trajectories ordered water wires form when δDð0Þ ¼ 3.8 Å, whereas when δDð0Þ increases to 6.2 Å (8.0 Å) in only 43% (9%) of the structures have long-lived water wires. Note that δDð0Þ ¼ 8.0 Å corresponds to initial sheet separation of 18.0 Å. At these distances, the interaction energy between the sheets is negligible. Thus, our simula- tions probe unbiased formation of protofilaments dictated solely by classical dynamics and a chosen force field.
Metastable Structures Are Stabilized by Water Wires. When the sheets approach each other in a parallel manner, complete association with δDðt → ∞Þ ¼ 0 leading to a dry interface is not observed even for t ≈ 100 ns in most of the trajectories. The failure of δDðtÞ to reach zero even after t ≈ 100 ns is surprising especially given that complete dewetting in melittin tetramers (16) whose initial separation δDð0Þ is in the range of 4-6 Å, occurs in ≈0.3-0.4 ns. Examination of the simulation snapshots (Fig. 3A) shows that the remarkably different behavior in the assembly of the β-sheets, characterized by a dry polar interface in the equilibrium structure of the PF, is due to trapping of water in the nanopore between the two β-sheets of the protofilament. The trapped water molecules form two well-ordered one-dimensional wires (Fig. 3A) . The structural characteristics of the water wires, which form in the groove made up of the backbone atoms of N2, N3, and Q4, and the side chains of N2 and Q4 associated with the β-sheets (Fig. 3A) , exhibit several features of one-dimensional order. First, the water density in the trapped water wire along the z axis, which is aligned along the protofilament axis, is stunningly periodic with a spacing (≈3 Å) corresponding approximately to the size of the water molecule (Fig. 3B) . Assuming that the pore is roughly cylindrical, with a constant radius R (Fig. 3C) ,
a given wire forms two hydrogen bonds with the neighboring molecules. In addition, water molecules in the pore also form two other hydrogen bonds, one with the carbonyl oxygen of the N3 backbone, which is part of the groove and the other with the O and NH in the amide group of the Q4 of the adjacent β-strand (Fig. 3A) . Third, the macrodipoles of the two wires are aligned in the direction opposite to the protofilament axis. The distribution P½cosðθÞ, with θ being the angle between the macrodipoles of the water wires, shows that they are predominantly parallel to each other (Fig. 3D) . Taken together, the picture that emerges is that the saturation of δDðtÞ at long times is associated with the spontaneous formation of stable ordered water wires in the channel of the protofilament. Such a structure must be metastable because the ground state corresponds to a twisted double β-sheet with a dry interface, i.e., δDðt → ∞Þ ¼ 0 (structure in the lower center in Fig. 1A) . The qualitative nature of the results do not depend on the force field or the ensemble in which the simulations are carried out (see Figs. S1 and S2) .
The structural integrity of the water wires is also reflected in the stabilities of the water molecules that are spontaneously trapped in the nanochannel for long times. Comparison of the distributions of the binding energy, E B , which is the interaction potential per water molecule in the bulk and the pore shows that it is favorable to localize the water in the polar channel (Fig. 3E) . The average binding energy of the water in the wires is less than in the bulk by about 1 kcal∕mole, thus making entry into the pore favorable despite a loss in entropy due to localization in the pore. The gain in average binding energy upon the water wire formation in the polar channel is in sharp contrast to the water chain formation in an open carbon nanotube (CNT) (24) which shows a loss in average binding energy. However, filing of water depends on free energy of transfer from the bulk to the pore, which is determined by the distribution of binding energies of water in the channel (or CNT) and in the bulk phase. Spontaneous formation of water wire in the polar channel studied here is energetically favorable as it is for the water wire in a narrow open CNT (25) . Indeed, a sharp increase in the free-energy cost to remove a water molecule from the wires readily explain the extraordinarily long lifetimes of the metastable structures.
Spontaneous Coherent Flipping Dynamics of Water Wires. Water molecules in the wires continuously undergo exchange with the bulk water by a relay mechanism, i.e., in which the water molecules at the edge of the channel are replaced by bulk water. The lifetimes (time a given water molecule is in the nanochannel −20 < z < 20 Å) is broadly distributed with an average hτi ≈ 7.0 ns (Fig. 3D) . The residence times of the water at the ends of the pore are short, whereas those in the interior exceed 10 ns. The number of water molecules in each wire is N w ≈ 10. If the wire is perfectly onedimensional, we expect that the macrodipole μ w ≈ 10μ o , where μ o is the dipole moment of the isolated water, which in the TIP3P is 2.35 D. Using simulations, we determined that hθ i;iþ1 i, the average angle between successive water molecules in the wire, is ≈68° (  Fig. S3) . Thus, the dipole moment of a water molecule projected along the protofilament axis is μ z ≈ μ o coshθ i;iþ1 ∕2i ≈ 1.94 D, which implies that the expected value of the macrodipole of the wire, μ z w ¼ 10μ z ≈ 19.4 D. This value is in accord with the simulations, which again confirms that the waters in the wire are arranged in an one-dimensional array (Fig. 3F) . Interestingly, μ z w for each wire, which is predominantly aligned in a direction antiparallel to the fibril axis, flips spontaneously. In the process, the magnitude of μ z w is unchanged, which shows that the flipping dynamics is coherent on the length scale of the pore. Fig. 3F shows that cos θðtÞ fluctuates between þ1 and −1 with the parallel arrangement (cos θðtÞ ≈ þ1) being the dominant conformation. Even though flipping dynamics involves 10 water molecules, the average duration of flip is only ≈5-10 ns. Thus, the water wires undergo large mesoscale rearrangements on very short time scales without significantly affecting the one-dimensional order.
Electrostatic Interactions Stabilize the Metastable Prion Fibrils. In order to illustrate how water molecules in the wires file out to create the dry interface and in the process demonstrate that the electrostatic interactions render the polar Sup35 protofilaments stable, we systematically varied the strength of the water peptide electrostatic interactions (26) (see Methods for details), measured as a fraction (λ E ) of the full (λ E ¼ 1) value (Fig. 4) . When 0 ≤ λ E ≤ 0.25, the water molecules file out of the nanopore in a continuous manner in t ≈ 0.5-2 ns. If fluctuations in the solvent-exposed edge β-strands block the nanopore, then expulsion of water occurs in discrete steps (see Movie S1 illustrating the orderly exit of water molecules), a finding that dominates as λ E increases (Fig. 4) . There is considerable heterogeneity both in the duration of the steps and in the number of water molecules that file out in each step. For λ E ¼ 0.75, the time needed to empty the nanopore lengthens. In some trajectories, a stable water wire persists for t ≈ 20 ns. These results show that the water wires (λ E ¼ 1) are stabilized by favorable electrostatic interactions with the residues in the β-sheets. Upon formation of the protofilament, with a perfectly dry interface, the water peptide hydrogen bonds are replaced by favorable interpeptide interactions.
The association between the two β-sheets in a large fraction of the trajectories leads to defective packing [ΦðtÞ > 19.5°and Ψ > 12.1°] if δDð0Þ⪆5 Å (data in red and gold in Fig. 1 B and C) . Although δDðtÞ decreases rapidly in these trajectories (Fig. 1A) , perfect water wires are not observed in the protofilament pores. However, several water molecules are trapped between the sheets in a disordered state (see Fig. 1A ). The most likely mechanism for escape of the trapped water molecules is through the gap between the misaligned β-sheets (see Fig. S4 and Movie S2 of a sample trajectory). Taken together, the simulations show that water plays distinct roles in the heterogeneous assembly of the polar protofilament. When water is trapped in the ordered state, it inhibits the formation of the dry interface where as it serves as a lubricant facilitating the formation of a dry steric zipper if the two sheets are initially misaligned to some extent.
Expulsion of Water Molecules and Fibril Formation in Aβ-Peptide Coincide. In order to contrast the assembly mechanism of the polar PF with the formation of AF, we simulated the kinetics of association of β-sheets from the sequence GGVVIA in the carboxy terminus of Aβ 37-42 . The steric zipper (referred to as "face to back" packing in ref. 8 ) involves interdigitation of residues V4 from one strand (green in Fig. 5 ) with the hydrophobic residues V3 and I5 (gray in Fig. 5 ). In contrast to the assembly of PF, the two sheets in the AF, with δDð0Þ ¼ 3.88 and 6.24 Å, associate with one another in less than 3 ns (Fig. 5) . The fluctuations in G1 and G2 lead to instability in the edges of the β-sheets, which results in dispersion in δDðtÞ even after association and drying transitions are complete. Protofilament formation involving the two sheets is driven by hydrophobic forces, which leads to packing of V4 from one sheet against V3 and I5 from the adjacent β-sheet. Fig. 5 shows that, for both the values of δDð0Þ, the time at which the number of water molecules around the bulky hydrophobic residues vanishes coincides with complete association of the two sheets (δDðtÞ ≈ 0). Thus, unlike in the PF formation, the assembly of the two sheets and expulsion of water molecules occur nearly simultaneously. The kinetics of association of β-sheets in AF is reminiscent of oligomer formation in Aβ [16] [17] [18] [19] [20] [21] [22] peptides (20) in which the time scale for coil → strand formation and decrease in the number of water molecules between two β-strands coincide. In both oligomer and AF formation, water expulsion occurs rapidly and is driven by the favorable interaction between the bulky hydrophobic residues. The mechanism of rapid expulsion of water molecules in the AF is due to the nonspecific hydrophobic interaction, whereas in PF metastable formation of water A B D C Fig. 4 . Number of water molecules in the wire as a function of time at different strengths (λ E ) of the electrostatic interaction between the Sup35 monomers in the protofilament and water. A-D are for 0%, 25%, 50%, and 75% of the full (λ E ¼ 100% of the electrostatic interaction strength.
wires stabilized by a favorable stereospecific network of hydrogen bonds involving water molecules and polar side chains results in slow association.
Concluding Remarks
Our work has several implications. First, based on the dewetting time scales found in this work, we surmise that AF can form nearly a 1,000 times faster than the PF. The spontaneously formed metastable intermediate structures, with ordered trapped water wires throughout the nanopore, create a barrier to rapid assembly in the PF that is absent in the AF. Second, the heterogeneous assembly of the two β-sheets also suggests plausible routes to polymorphism and prion strains. In the case of PF, the alternate packing of the two sheets with large twist and helical angles might represent an example of prion strains. It is likely that a discrete number of trapped water molecules might also be a part of the alternate polymorphic structures as has been observed in a recent 2D infrared study of Aβ 1-42 structures (27) . Third, the heterogeneous assembly for protofilament formation discussed here might reflect one of the routes by which PF and AF form.
Indeed, such events have been observed in simulations of amyloid fibril formation in coarse-grained models (28) , which have provided considerable insight into protein aggregation (29) . Finally, it is interesting to note that there is a striking resemblance between the structure of the water wires in the PF and the single water wire found in human aquaporin, hAQP4 (see Fig. S5 ). The water wire in the center of one side of the channel in hAQP4 is stabilized by hydrogen bond network (30) that is similar to that found in PF. However, the hydrophobic residues that line the opposite side of the channel in hAQP4 render the wire unstable compared to the ones found in PF. The decreased stability is needed to achieve flow of water through the aquaporin channel.
Methods
Simulation Details. We performed all atom molecular dynamics (MD) simulations of protofilament formation in Sup35 and Aβ 37-42 monomers to reveal the molecular events that occur as the two sheets approach each other. The protofilaments are constructed from two β-sheets, with each containing eight β-strands, using the microcrystal structures of PF and AF as starting structures. The separation, D E , between the centers of mass in the initial structures of the two sheets is increased to D S . The energy of the system is minimized and water molecules are equilibrated for 1 ns with δDð0Þ ¼ D S ð0Þ − D E fixed. We emphasize (see SI Text for details) that the restraints are used only during the equilibrium phase. The restraints that keep δDð0Þ fixed during the equilibration process are released and the energy of the whole system is minimized using the conjugate gradient method. Subsequently, the entire system of water and peptides are allowed to move as demanded by the classical equations of motion. Thus, the structures that are sampled during the simulations are determined solely by the force field.
The time-dependent decrease in δDðtÞ is used to study the details of the association kinetics. In silico alterations of interactions between the peptides and water, which are impossible to achieve in experiments, are used to provide insights into the nature of interactions that stabilize amyloid fibrils and the intermediate structures with different sequences and identical final structures. Results are presented using the CHARMM PARAM 22 force field generated in the NVT ensemble. To establish that the conclusions are robust, the simulations were also performed using three force fields in both NVT and NPT ensembles (SI Text contains the relevant results).
Role of Electrostatic Interaction. We performed simulations in which the electrostatic interactions between the water and the peptides are varied using the Free Energy Perturbation module in NAMD2.7b1. These simulations were done only for the PF. The Hamiltonian for the protofilament in water (say state T) is H T ¼ H w þ H p þ H vdw wp þ H E wp . Here H w is the interaction between the water molecules, H p is the interaction between the atoms in the protofilement, H vdw wp is the van der Waals interaction between the atoms in water molecules and in the protofilament, and H E wp is the electrostatic interaction between the atoms in water molecules and in the protofilament.
We define λ E through the relation H λE ¼ H T þ ðλ E − 1ÞH E wp . The absence of H E wp implies λ E ¼ 0, whereas λ E ¼ 1 is equivalent to retaining the full strength of the electrostatic interactions. Thus, by tuning λ E , the effect of electrostatic interactions on the stability of the water wires can be examined. When λ E ¼ 0, 0.25, 0.5, and 0.75, the strength of the electrostatic interaction between the water and protofilament is 0%, 25%, 50%, and 75% of the actual electrostatic interaction strength. Simulations at the desired electrostatic interaction strength between the protofilament and water are performed by integrating the equations of motion using H λE . 
